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S271 Discovering physics: 


Summer School Problem Book | 


(covering Units 1—5) 


Where necessary in the following questions, assume that the magnitude of the acceleration due to gravity 
g = 10ms"?. 


The problems (or parts of problems) marked with an asterisk are slightly more difficult than the other 


problems. 


Unit 1 Surveying the Universe—an 


example of physical enquiry 


Q.1 The absolute luminosity of a particular star is 1/25 
that of the Sun. The same star's apparent luminosity is 107 +? 
that of the Sun. Calculate the star's distance from the Earth. 


(Take the distance of the Sun from the Earth to be 
1.5 x 10!! m) 


Q.2 Astar has a parallax of 0.5 seconds of arc and a proper 
motion of 10 seconds of arc per year. 


(a). What is the distance of the star from the Sun in parsecs? 


(b) What is the star's tangential speed relative to the Sun in 
units of km s~ +? 


(1 pe year" ' x 9.8 x 10°kms }; 
1 second of arc = 1/3600 degree.) 


Q.3 (a) What is the Doppler effect? 


(b) ‘It is found that the spectrum of galaxy X is red-shifted’. 
What does this statement mean, and what can be concluded 
from it? 


Q.4 The tangential speed of a star relative to the Sun is 
100 kms '!, and the star’s spectrum is blue-shifted by an 
amount that indicates that the star's radial speed relative to 
the Sun is 120 km s~ +. What is the star's speed relative to the 
Sun? 


Q.5 (a) State Hubble's law. 

(b) The recessional speed of the cluster of galaxies known as 
Hercules is 10300 km s~ +. Assuming that Hubble's constant 
is S,0kms"! Mpc '!, calculate the distance of the Hercules 
cluster from Earth. 


Unit2 Describing motion 


Q.1 A car accelerates along a straight road from rest to a 
speed of 1 ms ‘in 5s. The acceleration of the car is constant. 
(a) What is the magnitude of the car's acceleration? 

(b) How far will the car travel from its initial position in 
20 s assuming it continues with a constant acceleration? 

(c) What is the speed of the car when it has travelled 40 m? 


Q.2 When a racing car accelerates along a straight track 
from a speed of 8 ms ! to a speed of 10 ms' !, it travels a 
distance of 36 m. The car's acceleration is constant. 


(a) What is the magnitude of the car's acceleration? 


(b) How much time did it take for the car's speed to increase 
from8ms ‘to 10ms !? 


Q.3 (a) A ball is projected vertically upwards from the 
ground at a speed of 10 m s~ !. Use the appropriate constant 
acceleration equation to find the maximum height above the 
ground that the ball will reach. (You can ignore the effects of 
air resistance.) 


(b) Solve the problem in part (a) of this question using the 
concepts of kinetic energy and gravitational potential 
energy. 


Q.4 Figure 1 shows three vectors a, b and c where |a| = 10, 
|b| = 5 and |e| = 10. Draw vector diagrams of the vectors 
specified in (a)- (d). 

(a) a+b 

(b) a-b 

(c) a+c 

(d) a — 2b + 2c 
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Figure 1 Unit 2, Q.4. 


Q.5 A ball is projected with velocity u from the point 
x = 0, y = 0 on the ground at an angle 0 to the horizontal 
(Figure 2). 

(a) Redraw Figure 2 and mark on the direction of the ball’s 
acceleration vector at points A, B and C. 


(b) On your redrawn version of Figure 2, mark the direction 
of the ball’s velocity vectors at points A, B and C. 

(c) When the ball is at point B, will its speed be greater than 
its speed when it was at point A? Explain your answer 
carefully. 


ay 


Figure 2 Unit 2, Q.5. 


Q.6 A stone is thrown horizontally at a speed of 2 m s`! 
from the edge of a vertical cliff (Figure 3). The height of the 
cliff above sea-level is 125 m. Assuming that the effects of air 
resistance can be neglected: 


(a) what is the stone’s time spent in flight? 


(b) how far from the foot of the cliff will the stone land in the 
water? 


2ms ! 
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125m 


Figure 3 Unit 2, Q.6 and Q.7. 


Q.7* The constant acceleration equations allow us to find 
the equation for the path shown in Figure 2. By considering 
the vertical and horizontal components of the ball’s motion, 
show that the equation of the ball’s path is 


gx? 


= x tan 0 — —— ——— 
2u? cos? 0 


where g is the magnitude of the acceleration due to gravity. 


Q.8 The turntable of a record player is spinning at a con- 
stant rate of 45 r.p.m., and a coin of mass 2 x 10^? kg is on 
the surface of the turntable at a distance of 0.02 m from the 
centre. 


(a) What is the angular speed of the turntable in units of 
radians sec !? 


(b) What is the orbital speed of the coin? 
(c) What is the magnitude of the coin's acceleration? 


Unit 3 Dynamics— forces, energy an 
motion i 


Q.1 A stationary mass of 5kg that is free to move in any 
direction is acted upon by the constant force shown in 
Figure 4. 

(a) What is the acceleration of the mass? 

(b) How far will the mass travel in the first 10 s of its motion? 
(c) What is the speed of the mass when it has travelled 4 m 
from rest? 


5kg 
reference direction 


Figure4 Unit 3, Q.1. 


Q.2 Aballofmass 10^! kg, moving with a speed of 10m s^ !, 
strikes a wall at an angle of 45? and bounces off at the same 
speed and at 45? to the wall (Figure 5). 


(a) By how much does the momentum of the ball change 
when it hits the wall? 


(b) Does this example constitute a proof that the law of 
conservation of momentum is incorrect? Explain your 
answer carefully. 
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Figure 5 Unit 3, Q.2. 


Q.3 A 2kg mass moves at 4ms ! directly towards a 
stationary 4 kg mass (Figure 6a). After the collision, the 2 kg 
mass moves backwards with a speed of 0.5 m s^ ! (Figure 6b). 
(a) What is the velocity of the 4 kg mass directly after the 
collision ? 


(b) Is this collision elastic or inelastic? 


4kg 


2kg 4kg 


(b) 


-1 > 
0.5ms —— 
F 
Figure 6 Unit 3, Q.3. 


Q.4 Note down the energy conversions that take place 
during a tennis player's serve. (Think of the serve as taking 
place in a number of stages—you should identify the energy 
conversion(s) at each stage.) 


Q.5 A woman of mass 50 kg runs up the flight of stairs 
shown in Figure 7. If it takes her 4s to reach the top, what is 
her effective average power output during this time? (You 
should assume that all the energy she expends is used to 
increase her gravitational potential energy.) 


ot 
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Figure 7 Unit 3, Q.5. 


Q.6 A normal household elastic band has a spring constant 
of approximately 20 N m™'. If 0.05J of muscular energy is 
used to stretch such a band, by how much will it extend from 
its natural length? (You should assume that the band obeys 
Hooke’s law.) 


Q.7* A block of mass 20 kg is free to move on a frictionless 
horizontal surface (Figure 8). This block is attached to 
another of mass 10kg by a rope (of negligible mass) that 
passes over a frictionless pulley that also has a negligibly 
small mass. Suppose that the system is released from rest. 
(a) Calculate the forces on the 20 kg block. 

(b) What is the acceleration of the 10 kg block? 


(c) How far will the 10 kg block fall in the first 0.2 s of its 
motion? 


Figure 8 Unit 3, Q.7. 


Q.8 A spherical puck of mass m is moving with velocity u 
along the x-axis, on a frictionless horizontal table (Figure 9). 
This puck strikes a stationary puck of mass M head-on and 
then rebounds with velocity v along the line on which it was 
moving before the collision. Show that, if the collision is elastic, 
the ratio v,/u, is given by 

m— M 

E mM 


(You may find the formula a? — b? = (a — b)(a + b) helpful.) 
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Figure 9 Unit 3, Q.8. 
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Q.9 An astronaut of total mass 80 kg is standing still in a 
rocket that is taking off vertically from Earth with an accelera- 
tion of magnitude 20 m s^ ?. What is the force exerted on his 
feet by the level floor on which he is standing? 


Q.10 A bucket of mass 5 kg is tied to a rope and then swung 
in the vertical plane at a constant speed. The distance between 
the centre of the circle and the centre of mass of the bucket is 
1 m. What is the minimum orbital speed at which the bucket 
must be swung if it is to move in a circular path? 


Q.11 A long piece of string (of negligible mass) is wrapped 
around a horizontal axle of radius 10^! m that is supported 
by frictionless bearings (Figure 10). A block of mass 5kg is 
tied to the other end of the string, and when the system is 
released, the axle turns and the block travels 10 m in the first 
10 s of its motion. 


(a) What is the magnitude of the block's acceleration? 
(b) What is the magnitude of the tension in the string? 


(c)* What is the moment of inertia of the axle about the axis 
passing through its centre (Figure 10) perpendicular to the 
plane of the page? 


(You should be able to answer part (c) using energy argu- 
ments or, alternatively, using the relationship torque — time 
rate of change of angular momentum.) 


5kg 


Figure 10 Unit 3, Q.11. 


Unit 4 Equilibrium, stability and 
gravitation 


Q.1 (a) Anobjectissubject to three forces F,, F, and F}. If 
this object is in translational equilibrium, and if | F,| and |F, 
have the values shown in Figure 11, what is F}? 


(b) In part (a) of this question, we said that the object is in 
translational equilibrium. Does that statement imply that the 
object is not moving? 


|F| =10N 


^Y 


|F2| - 8N 


Figure 11 Unit 4, Q.1. 


Q.2 (a) Define the term torque. (Take care to specify 
whether it is a scalar or a vector quantity.) 


(b) Acyclist appliesa constant downward force of magnitude 
10 N to a bicycle pedal (Figure 12). Sketch a graph that shows 
the variation of the magnitude of the torque due to this force 
about the fixed point A. (Assume that the angle « on Figure 12 
varies continuously from 0° to 180°.) 


Figure 12 Unit 4, Q.2. 


Q.3 (a) What condition(s) must apply if an object is to be 
in complete equilibrium? 


Two children, one of mass 20 kg, the other of mass 30 kg, sit 
on a see-saw that is pivoted in the centre at R (Figure 13). The 
mass of the see-saw is 10 kg, and the 30 kg child sits 1 m to the 
right of R. 


(b) What are the torques (about the point R) due to the 
following forces? 
(i) The 30 kg child's weight. 
(i) The 20 kg child's weight. (Assume that the child sits 
at distance x from R.) 
(iii) The force exerted on the see-saw by the supporting 
pivot. 


(c) Use your answers to part (b) to calculate the value of x. 


(d) What is the force exerted by the supporting pivot R on 
the horizontal see-saw when the system is in stable equi- 
librium? 


Figure 13 Unit 4, Q.3. 


Q.4 Arigidrod of negligible mass is pivoted at one end, anda 
mass of 6 kg hangs from the other end (Figure 14). The rod is 
3m long, and it is supported at an angle of 60? to the hori- 
zontal by a horizontal force F that is applied 1 m from the 
pivoted end. If the rod is stationary, what is the magnitude 
of F? 


Figure 14 Unit 4, Q A4. 


Q.5 A fridge of mass 100 kg is pushed up a ramp that is 
inclined at an angle of 30° to the horizontal. The force F that 
pushes the fridge is directed parallel to the ramp, and the 
coefficient of dynamic friction between the fridge and the 
ramp is 0.5. What is the minimum value of |F|? 


Q.6 (a) State Newton's law of universal gravitational 
attraction, which gives the force on a mass m, due to a mass 
m; when the two masses are separated by displacement r. 
(Remember to state the law in vector form.) 


(b) Anobject near the surface of the Earth has an accelera- 
tion due to gravity of magnitude g. Use your answer to part 
(a) of this question to show that 


_ GM, 
RD 
where g is the gravitational constant, My is the mass of the 
Earth and Rg is the radius of the Earth. 


Q.7 An astronaut whose mass is 80 kg on Earth travels to 
another roughly spherical planet X. The mass of this planet is 
half that of the Earth and the planet's radius is one eighth of 
the Earth's. 

(a) What is the astronaut's weight on the planet X? 


(b) What is the astronaut's mass on the planet X? 


Q.8 A planet P moves anticlockwise around a star S in an 
elliptical orbit (Figure 15). You can assume that the only 
force acting on P is the one that describes its gravitational 

- attraction to S. The orbit of P is in the plane of the page and S 
is stationary. 


(a) What is the direction of the angular momentum vector 
of the planet P with respect to the centre of the star S? 


(b) At which point(s) does the magnitude of the angular 
momentum of the planet P about the centre of S have its 
maximum value? (This is a catch question !) 


(c) At which point(s) does the planet have its maximum 
speed? 


Figure 15 Unit 4, Q.8. 


Q.9 (a) Write down the relationship between the force on 
an object and the variation of its potential energy with 
position. 


(b) Figure 16 shows a piece of level ground on Earth and an 
x-axis that is directed perpendicular to it. Draw on the Figure 
lines of equal gravitational potential energy and show the 
direction of the gravitational force that acts on objects at 
points A and B. 


(c) Explain how your answer to part (b) of this question can 
be interpreted in terms ofthe relationship that you wrote down 
in part (a). 


Figure 16 Unit 4, Q.9. 


Unit 5 Mechanics revision 


Q.1 Consider the vectors a and b in Figure 17. The vector a 
has magnitude 4, and b has magnitude 6. Find the values of 
the following quantities (a)-(e). 


(a a:b 

(D axb 

(c) axa 

(d) a:(a x b) 

(e)? (2a + 3b)-(a x b) 


^y. 


lal — 4 * 
Figure 17 Unit 5, Q.1 and Q2. 
Q.2 Consider again the vectors a and b in Figure 17. Which 
of the following combinations (a)-(c) do not make sense, and 


therefore cannot be evaluated? Explain your answers 
carefully. 


(a) a x (a-b) 

(b) a/b 

(c) a—|b| 

Q.3 A golf ball of mass 4.6 x 10 ? kg is projected with a 


speed of 12 ms ^! at an angle of 45° to the ground (Figure 18). 
Ignoring the effects of air resistance: 


(a) What is the golf ball's time of flight? 
(b) What is the range R of the golf ball? 
(c) What is the maximum height H of the golf ball? 


(d) What is the golf ball's total energy when it is at its 
maximum height above the ground? 


12ms~ 


: R 4 


Figure 18 Unit 5, Q.3. 


Q.4 A car is driven at a constant speed around a circular 
race track, and the time taken for the car to complete a lap of 
radius 100 m is 40 s. 


(a) What is the speed of the car? 
(b) What is the angular speed of the car? 


(c) What is the acceleration of the car? Explain why the 
car is accelerating even though it has constant speed. 


Q.5 A loaded supermarket trolley of mass 10 kg is pushed 
at a constant speed of 1 ms^! directly towards a customer, 
who brings it to rest by exerting a constant horizontal force 
F whose direction is exactly opposite to that of the trolley's 
motion. The trolley travels 0.1 m after it first came into 
contact with the constant force. 


(a) How much work was done by the customer in bringing 
the trolley to rest? 


(b) What was the magnitude of F? 


Q.6 In the athletics event known as the pole vault, the 
athlete jumps over a high bar, with the aid of a flexible pole 
that enables his kinetic energy of motion to be converted into 
gravitational potential energy (Figure 19). 

(a) Estimate the speed (in units of m s~ +) with which the 
sprinting pole vaulter runs along the ground towards the 
high bar. 

(b) By what distance can the pole vaulter raise his centre of 
gravity? (You can disregard the additional height that the 


vaulter gains by using his arms to raise his centre of gravity 
above the position of his hands on the pole.) 


(c) Compare your answer to part (b) with the present world 
pole vault record, which is a height of approximately 5.8 m. 


Figure 19 Unit 5, Q.6. 


Q.7 A cannon of mass 1000 kg is fixed to the floor of a 
stationary railway carriage of mass 14 000 kg that is free to 
move frictionlessly along a straight track (Figure 20). The 
cannon fires a ball of mass 5 kg horizontally in the direction 
of the track at a speed of 75 m s^ ! and the ball subsequently 
becomes embedded in one of the end walls of the carriage 
(Figure 20). 


75ms™! 


Figure 20 Unit 5, Q.7. 


(a) Describe quantitatively what happens to the railway 
carriage while the ball is in flight. Explain your answer 
carefully. 


(b) What is the velocity of the railway carriage after the 
cannon ball has become embedded in its end wall? 


Q.8 (a) Define the term ‘pressure’ (Unit 11) and state the 
equation that connects the force on an object with the rate of 
change of its momentum. 


(b) A car that is travelling at 5ms`! (approximately 
11 m.p.h.) collides with an oak tree. The driver ofthe car is not 
wearing a seat belt, so he is rapidly thrown forward and his 
head hits the windscreen which, in this instance, does not 
shatter. The contact area between the driver's head and the 
windscreen is9 x 1074 m? (approximately 1.5 square inches) 
and he is brought to rest at a uniform rate in 0.02 s. Assuming 
that the mass of the driver's head is 5 kg, find the average 
pressure exerted on his head by the windscreen. 


(c) The accident described in part (b) also involves a 
passenger who is wearing a seat belt that brings his body to 
rest at a uniform rate in 0.5 s after the collision with the tree. 


The area of the seat belt that is in contact with the passenger 
is 0.1 m? (approximately 1 square foot) and his total mass is 
70 kg. What is the average pressure exerted on the passenger 
by the seat belt? 

(d) Compare the average pressures calculated in parts (b) 
and (c) of this question. What do you conclude? 


Q.9 A horizontal metal rod (of negligible mass) is attached 
to a vertical plate and the two are also connected by a light 
string (Figure 21). Also, a 10 kg mass is attached to the free 
end of the rod. Using the data in Figure 21: 

(a) calculate the magnitude of the tension in the string; 


(b) what are the horizontal and vertical components of the 
force exerted on the rod by the vertical plate? 


Y 


string 


Figure 21 Unit 5, Q.9. 


Q.10 A diver jumps from a springboard (Figure 22) and 
subsequently does a triple somersault before entering the 
swimming pool. Sketch on Figure 22 the path of the diver’s 
centre of gravity during the dive. 


[ 


Figure 22 Unit 5, Q.10. 


Q.11* A roundabout has a moment of inertia of 200 kg m? 
about the vertical axis that passes through its central shaft. 
When the roundabout is rotating frictionlessly with an angular 
speed of 1 rad s^ !, a small child of mass 20 kg steps onto it 
(with a negligible speed). The centre of mass of the child is 
1 m from the centre of the roundabout's central shaft. What is 
the angular speed ofthe roundabout after the child has stepped 
onto it? (You should assume that the child is so small that 
her mass is effectively concentrated at her centre of mass.) 


T cae eR xw Ae 


Answers to numerical questions 


Unit 1 

Q.1 3x 105m 

Q.2 (a) 2pc;(b)95kms ! 
Q.4 156kms ! 

Q.5 (b) 206 Mpc 


Unit 2 

Q.1 (a) 0.2ms~?;(b) 40 m; (c)4ms^! 

Q.2 (a) O0.5ms ?;(b)4s 

Q.3 (a) 5m 

Q.6 (a) 5s;(b) 10m 

Q.8 (a) 4.71 radians s~'; (b) 0.094 ms~!;(c) 0.44 m s~? 


Unit 3 


Q.1 (a) |a| 2 2ms ? and a points in the same direction 
as F. (b) 100m;(c) 4ms^! 


Q.2 (a) |Ap| = 1.41 kg m s^!; Ap points directly away 
from the wall. 


Q.3 (a v—225ms' ! and the velocity vector points 
towards the right. 


Q.5 625W 
Q.6 7.1 cm 


Q.7 (a) Its weight (200 N directed downwards), an up- 
ward force of magnitude 200 N and a tension of magnitude 
66.7 N pulling the block horizontally to the right. 


(b) 3.33 m s~? directed vertically downwards; (c) 6.7 cm. 
Q.9 2400 N directed upwards. 

Q.10 3.16ms'^! 

Q.11 (a) 02ms^?;(b) 49N;(c) 245kgm? 


Unit 4 
Q. (a) (F3) = —434 N, (F3), = —566N 


Q.3 (b) (i) 300 N m, directed into the page; (ii) 200x N, 
directed out of the page; (iii) zero. (c) 1.5 m. (d) 600N 
directed upwards. 


Q.4 104N 
Q.5 933N 
Q.7 (a) 2.56 x 10*N:(b) 80kg 


Unit 5 

Q.1 (a) 20.8 

(b) A vector of magnitude 12, pointing into the page. 
(c) 0; (d) 0; (e) 0 

Q.3 (a) 17s; (b) 144m; (c) 36m; (d) 33J 


Q.4 (a) 15.7ms™'; (b) 1.57 x 10^! rads^!; 


(c) |a| = 2.46ms ^, a is directed towards the centre of the 
orbit. 


Q.5 (a) 5J; (b) 50N 
Q.6 (b ~5m 
Q.7 (a) It moves to the left with a speed of 2.5 x 1072 


ms‘; (b) Its velocity is zero. 


Q.8 (b) 1.39 x 105N m7; (c) 7x 18? Nm"? 


Q.9 (a) 400N; (b) The horizontal component has a 
magnitude of 346 N and the vertical component has a 
magnitude of 100 N. The force is directed downwards and 
towards the right. 


Q.11 0291rads'!. 
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